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Abstract. Soft X-ray resonant scattering (XRS) has been used to observe directly, 
for the first time, the ordering of localized electronic states on both the Mn and Tb 
sites in multiferroic TbMnOs. Large resonant enhancement of the X-ray scattering 
cross-section were observed when the incident photon energy was tuned to either the 
Mn L or Tb M edges which provide information on the Mn id and Tb 4/ electronic 
states, respectively. The temperature dependence of the XRS signal establishes, in a 
model independent way, that in the high-temperature phase (28 K < T < 42 K) the 
Mn id sublattices displays long-range order. The Tb 4/ sublattices are found to order 
only on entering the combined ferroelectric/magnetic state below 28 K. Our results are 
discussed with respect to recent hard XRS experiments (sensitive to spatially extended 
orbitals) and neutron scattering 



1. Introduction 

Magnetoelectric multiferroics are materials that simultaneously display ferroelectric and 
magnetic long-range order [1]. Consequently, they are of considerable interest both 
from a fundamental point of view, and for the potential that they offer in the field of 
spintronics [21 [3]. Of particular importance has been the recent discovery of multiferroic 
behaviour in a diverse range of compounds where the multiferroic state takes the form 
of the coexistence of ferroelectricity and antiferromagnetism, often with a large coupling 
between the two [HE]. Indeed the burgeoning interest in multiferroics can be traced to 
the pioneering work by Kimura et al. who demonstrated a giant magnetoelectric effect 
in TbMnOs where the electric polarization may be switched by applying a magnetic 
field [6j. More recently it has been shown how an applied electric field can be used to 
manipulate the magnetic domain distribution [7]. 
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For TbMnOa (space group Pbmn) the Mn^+ magnetic moments first order below 
Tni=42 K. It has been reported, based on recent neutron diffraction data, that below 
this temperature the moments are polarized along the b direction with a modulation 
wavevector (0 q^n 0), q^n ~ 0.29 b*. Below T7V2=28 K the magnetic structure adopted 
by the Mn sublattice becomes non-coUinear, forming a cycloid in the b-c plane [8] and, 
at exactly the same temperature, a ferroelectric polarization along the c direction is 
observed. By comparing the magnetic structures above and below Tn2, an elegant and 
appealing model was proposed whereby the ferroelectric transition is driven by a loss 
of inversion symmetry at the Mn sites as the magnetic structure changes from collinear 
to non-coUinear. The same study also proposed that the Tb magnetic moments are 
disordered in the collinear phase, and become polarized along the a direction on cooling 
into the cycloidal phase. 

X-ray resonant scattering (XRS) has much to offer the study of multiferroics in 
general [9l [TOl [TTl [12], and TbMnOs in particular. It is an element and electron shell 
specific technique, which in the case of TbMnOs makes it possible to study any ordering 
of the Mn and Tb sublattices separately. Neutron diffraction by contrast measures 
the scattering from the sum of the separate contributions. Moreover, XRS is capable 
of providing information on the presence of any multipolar order [13j. This includes 
multipoles with time-odd, parity-odd symmetry that may characterize the combined 
magnetic and ferroelectric state displayed by TbMnOs and other related multiferroics 
[H] . Recently the results of a number of XRS studies of TbMnOa have been reported, 
all performed in the hard part of the X-ray spectrum above 3 keV [IHl [16] . The edges 
accessed in this part of the spectrum are the Mn K and Tb L3 edges which, for the 
dominant electric dipole resonances observed, provide information on the ordering of the 
4p and 5d extended band states at the Mn and Tb sites, respectively. Here we highlight 
two of the main results of this X-ray work [15]. The first is the surprising observation 
of a large polarization of the Tb 5d states in the collinear phase, where according to 
modeling of the neutron data the Tb magnetic moments are disordered. The second 
is the tentative report that the 5d states develop an anapolar moment, i.e. one with 
time-odd, parity-odd symmetry, in the cycloidal phase. 

In order to shed further light on the ordering of the different electronic states in 
TbMnOs we have utilized XRS in the vicinity of the Mn L2 (649.9 eV: 2]?3/2 — ^ ^d) and 
L3 (638.7 eV: 2p5/2 M) and the Tb M4 (1276.9 eV: 3^3/2 ^ 4/) and M5 (1241.1 
eV: 3(i5/2 4/) edges. The clear benefit of utilizing these edges is that they provide 
information on the localized 3d and 4/ states. In this sense our soft X-ray study of 
TbMnOs is complementary to both neutron diffraction and hard XRS studies. There 
are, however, limitations as to what can be achieved with soft X-rays. For example, 
when compared to the studies performed with photon energies above 3 keV, the Ewald 
sphere of reciprocal space is severely limited. 

One complication encountered in any study of TbMnOs, in addition to the ordering 
of both the Tb and Mn sublattices, is the existence of a complex magnetic domain 
structure. Four possible domain states have been identified, which can be classified 
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according to the Miller indices {h, k, I) of the associated satellite peaks: A {h+k=even, 
/=odd), C {h+k=odd, /=even), F {h+k=eveia, Z=even), and G {h+k=odd, /=odd). 
The relative population of domains is found to differ from study to study [171 [TBI HHJ E] , 
although the A domain dominates in most cases reported. In our soft XRS study, the 
limited range of reciprocal space available had the consequence that only F-type satellite 
reflections fall within the Ewald sphere at the Mn L edges, while at the Tb M edges A, 
C and F satellites can in principle be accessed. 



2. Experimental Details 

Single crystals of TbMnOa with dimensions 2x2x1 mm'^ were grown at the University 
of Oxford using the flux growth method. They were cut with either the [0 1 0] or 
[0 0.28 1] directions as the surface normal and polished with O.l/xm diamond followed 
by 0.02/z AI2O3 pastes, to a fiat, shiny surface. Experiments were carried out on both 
beamline 5U1 at the SRS, Daresbury Laboratory and ID08 at the European Synchrotron 
Radiation Facility. The former beamline was used to collect the temperature dependence 
of the scattering, while the latter was used for its superior flux and high incident 
photon energy resolution to determine the energy dependence of the scattering. These 
measurements were conducted in a similar fashion to that of Wilkins et al. [20l [2T| [22] 
on both beamlines. The samples were mounted on the diffractometer with the surface 
normal and [001] direction lying within the scattering plane. In both cases, the 
diffraction plane was vertical. At 5U1 and ID08 the base temperatures achievable were 
22 K and 19 K respectively. Due to experimental apparatus limitations it was not 
possible to measure the polarization of the scattered X-rays. 



3. Results and Discussion 



We first consider the results for the Mn L edges taken using the [0 1 0] orientated 
sample. On cooling below T^i ~ 42 K an F-type satellite diffraction peak was observed 
at (0 q 0), with q ^ 0.295 b* just below Tjsn. The peak was present at both the L2 and 
L3 edges, and was found to increase in intensity and move to lower q as the temperature 
was decreased (Fig. 1(a) and 1(b)). By fitting this satellite peak to a Lorentzian line 
shape, the correlation lengths (defined as C = \i where k is the characteristic half width 
of the Lorentzian distribution in reciprocal lattice units) were determined to exceed 
200A at both the L2 and L3 edges, and in both the cycloidal and coUinear phases. This 
result demonstrates that the X-rays probe a significant number of unit cells within the 
crystal and hence, these measurements are not particularly surface sensitive. 

A scan of the incident photon energy at fixed wavevector transfer in the high- 
temperature collinear phase revealed strong enhancements of the scattering cross-section 
at the Mn L2 and L3 edges (Fig. 1(c) ). While a simple, single resonant response is evident 
at the L2 edge, the energy line shape displays much more structure in the vicinity of the 
L3 edge. Notwithstanding these important details, the strong electric dipole resonances. 
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Figure 1. 9-29 scan of the (0 q 0) reflection in the cycloidal (25. 5K) and coUinear 
(32K) phases collected with incident X-ray photon energies equal to (a) the Mn L3 
resonance (639 eV) and (b) the Mn L2 resonance (652 eV) as determined from (c) an 
energy scan at fixed wavevector of the (0 q 0) reflection in the two phases. The vertical 
arrows indicate the energies at which a temperature dependence was recorded. 



combined with the sharpness of the peaks in reciprocal space, estabhshes the fact that 



the Mn 3d electronic states display long-range order in the collinear phase. In Fig. 1(c) 



the results of an energy scan in the cycloidal phase at 19 K are also shown. Apart from 
an overall increase in intensity, the response in this phase is indistinguishable from that 
in the collinear one. 

It should be noted that a number of soft X-ray resonant scattering studies have 
been made of related rare-earth manganite compounds, which are not multiferroic 
[20I [111 [22I [23] . Results from all of these studies have shown that, for both the magnetic 
and orbital reflections, the resonant feature at the Mn L3 edge is always strongest. This 
is clearly not the case for the (0 q 0) reflection observed in this study. However, to 
obtain further information from this fixed wavevector energy scan, detailed modeling of 
the electronic structure is required, which is beyond the scope of the present work. 

Scans parallel to b*, across the (0 q 0) reflection were performed as a function 
of temperature at incident photon energies equal to the main features of the Mn L2 



and L3 resonances shown in Fig. 1(c) Figure [2] shows the temperature dependence 
of (a) the position and (b) the integrated intensity of the peak obtained by fitting 
a Lorentzian function to the peak profiles. In the cycloidal/ferroelectric phase below 
28 K, the propagation vector is only weakly temperature dependent with q ~ 0.285 b* 
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Figure 2. Temperature dependence of the (0 q 0) superlattice reflection: (a) tlie 
position and (b) the integrated intensity at the Mn L2 (652.3 eV) and I/3 (643.1 eV) 
edges, (c) the integrated intensity of the (0 q 1) superlattice reflection at the Tb M5 
edge (1240 eV), (an offset of -2K has been apphed to this data). Finally (d) is the 
integrated intensity of the (0 1-q 0) superlattice reflection, again this was recorded 
with photons equal in energy to the Tb M5 edge (1240 eV). 

before increasing linearly with increasing temperature within the collinear phase to a 
maximum value of g ~ 0.295 b* at T = 42 K. This trend is consistent with that deduced 
by neutron and hard X-ray scattering experiments [HI [IS]. Above 42 K the peak was 
not observed. The evolution of the integrated intensity as a function of temperature 
clearly differs between the measurements performed at the Mn L2 and L3 edges, with 
a more significant change at the L3 edge at the transition between the two magnetic 
phases. In other words the branching ratio is temperature dependent. A strongly 

temperature dependent branching ratio has previously been observed in DyFe4Al8, which 
was attributed to the effect of magneto-elastic coupling [2^ . 

The fact that the main resonances occur at the Mn L2 and L3 edges indicates 
that the electric dipolar (El) resonance dominates and therefore the Mn 3d electronic 
states are being probed. When this is combined with the observation, that the thermal 
evolution of the wavevector shown in Figure [2](a) tracks that of the fundamental 
magnetic wavevector q determined by neutron diffraction, the conclusion that the XRS 
in this experiment is most probably magnetic in origin may be drawn. The only other 
possible order parameter that might be probed using XRS for a purely dipolar transition 
is that associated with ordering of the electric quadrupole (orbital ordering) which these 
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Figure 3. 9-26 scan of the (0 q 1) reflection in the cycloidal phase at T = 26 K 
collected with incident X-ray photon energies equal to (a) the Tb Afs resonance (1240 
eV) and (b) the Tb M4 resonance (1271 eV) as determined from (c) an energy scan 
at fixed wavevector of the (0 q 1) reflection. The vertical arrow indicate the energy at 
which a temperature dependence was recorded. 



experiments do not exclude. 

We now consider the results taken with photon energies close to the Tb M4 & M5 
edges. In contrast to the Mn L edges, where only the F-type reflection may be observed, 
at the Tb M edges, A and C type reflections are also accessible. (To observe the A-type 
reflection, the [0 1 0] was replaced by the [0 0.28 1] orientated sample.) Comprehensive 
searches in the collinear phase for any of these reflections produced negative results. 
On coohng into the cycloidal phase, strong, well-deflned A-type reflections appeared at 
both the M4 and M5 edges. The sharpness of the diffraction profiles (Fig. 3(b) and 



3(a)) immediately establishes that the electronic states (in this case the Tb 4f states) 



are long-range ordered. Figure 3(c) shows a energy scan at the fixed wavevector of 
the (0 q 1) refiection in the cycloidal phase, demonstrating significant resonances at 
the M5 edge and M4 edges. This indicates that for the (0 q 1) refiection, the Tb 4/ 
electronic states are strongly infiuenced by the cycloidal magnetic order. Figure [2] (c) 
shows the temperature dependence of the scattered intensity of the v4-type (0 q 1) 
refiection taken at the Tb M5 edge. As for the F-type peak, where the results were 
taken at the Mn L edges, the magnitude of the modulation wavevector evolves as a 
function of temperature. For this crystal orientation, however, the refiection becomes 
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off-specular. Experimental limitations at 5U1 made it impossible to accurately resolve 
the evolution of peak's position as the temperature was increased, and hence here we 
only present the integrated intensity as a function of temperature, determined as for the 
(0 q 0) reflection. As can be seen, the intensity of the scattering at the M5 edge drops 
rapidly and linearly with increasing temperature, with zero intensity being observed for 
T > 30 K. Hence, it would appear that in this domain the localized Tb 4/ states are 
strongly affected by the cycloidal order, but not by the collinear magnetism. 

For the F-type (0 q 0) reflection, a very weak resonance was observed in the cycloidal 
phase at the Tb Ms-edge, but only with yr-polarized incident photons. However, a 
stronger Tb M5 resonance reflection was observed at a position of (0 ~0.78 b* 0). This 
superlattice reflection corresponds to the C-type (0 1-q 0) domain. Like the F-type 
reflection, the peak was only observed with vr-polarized incident photons. Figure [2] (d) 
shows the temperature dependence of the scattered intensity for this (0 1-q 0) peak. 
As the temperature was increased, the intensity of the scattering at the Tb M5 edge 
decreased, with zero intensity being observed for T > 24 K. The position of this peak 
remained constant as the temperature was increased. 

Finally, we note that fixed wavevector energy scans for the F-type (0 q 0) reflection 
failed to identify any clear response in the vicinity of the oxygen K (543.1 eV: Is 2p) 
edge. 

4. Conclusions 

In conclusion, we have performed the first direct element-specific study of the effect of 
the magnetic order on the electronic structure of magnetoelectric multiferroic TbMnOs. 
We have demonstrated that the Mn 3d localized bands display strong long range order in 
both magnetic phases for the F-type domain. The temperature dependence of this (0 q 
0) reflection is in good agreement with previously observed trends for both the position 
of the modulation wavevector (0 qMn 0) and the scattered intensity, with clear changes 
at the magnetic phase transitions. Mn L-edge energy scans at this wavevector show 
minimal changes in the overall 3d band structure between the collinear and cycloidal 
phases. The scattered intensity as a function of temperature does differ, however, 
between measurements performed at the Mn L2 and L3 edges. The transition at 28K 
into the ferroelectric phase is more significant for the measurements performed at the 
Mn L3 edge. The energy scans taken at the Tb M-edges clearly show, that for the 
A-type (0 q 1) reflection, the Tb 4/ band is highly influenced by the cycloidal magnetic 
order, whilst this reflection was absent in the collinear phase, indicating that there 
is no long range ordering of the Tb 4/ states for this phase. This data supports the 
neutron diffraction model which states that the Tb 4/ states should be disordered in the 
collinear phase. However the absence of Tb 4/ ordering in the collinear phase suggests 
that ordering of Tb 5d bands as seen with hard X-rays [15] is of a different origin. In 
addition to strong Tb M edge resonances observed for the A-type peak, much weaker 
Tb M edge resonance peaks corresponding to the F-type (0 q 0) and C-type (0 1-q 0) 
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reflections were observed in the cycloidal phase. The fact that these two reflections were 
observed with 7r-incident X-rays only and arc much weaker, suggest a difference between 
the magnetic structures of the domain states. Finally, the lack of an F-type reflection 
in the vicinity of the oxygen K edge, shows that for this reflection at least, there is no 
long range ordering of the oxygen 2p band. 
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